Study design: Retrospective study. Objectives: Few studies have reported a relationship between central motor conduction time (CMCT), which evaluates corticospinal function, and degree of spinal cord compression in patients with myelopathy. Thus, there is no consensus on predicting the degree of prolonged CMCT on the basis of the degree of spinal cord compression. If a correlation exists between CMCT and spinal cord compression, then spinal cord compression may be a useful noninvasive clinical indicator of corticospinal function. Therefore, this study evaluated the relationship between CMCT and cervical spinal cord compression measured by magnetic resonance imaging (MRI) in patients with cervical spondylotic myelopathy (CSM). Setting: Hiroshima University Hospital in Japan. Methods: We studied 33 patients undergoing laminoplasty. Patients exhibited significant cervical spinal cord compression on both MRI and intraoperative electrophysiological examination. We assessed transcranial magnetic stimulation measurement of CMCT; spinal cord compression parameters such as area, lateral diameter, anteroposterior diameter and flattening of the spinal cord at the lesion site and C2/3 levels on MRI; and pre-versus postoperative Japanese Orthopaedic Association (JOA) scores. Results: Correlations between CMCT and flattening as well as anteroposterior diameter of the spinal cord at the lesion level were observed. Strong correlations between CMCT and the ratio of the flattening and anteroposterior diameter parameters at the lesion level to that at the C2/3 level were also observed. 
INTRODUCTION
Cervical spondylotic myelopathy (CSM) is a common degenerative spine disorder. Several methods are used for the diagnosis of CSM, 1 including magnetic resonance imaging (MRI). However, although MRI is a popular diagnostic tool for CSM, 2 it reveals only morphological and not functional abnormalities of the spinal cord. Thus, the use of MRI carries a risk for overdiagnosis of asymptomatic spinal cord compression.
Electrophysiological diagnosis using central motor conduction time (CMCT) as a quantitative measurement of spinal cord function has been reported in patients with CSM. [3] [4] [5] However, there are few reports on the relationship between CMCT and the degree of spinal cord compression in patients with myelopathy. Thus, there is no consensus on predicting the degree of prolonged CMCT on the basis of the degree of spinal cord compression. 6 If a correlation exists between CMCT and spinal cord compression, then spinal cord compression may be a noninvasive clinical indicator of corticospinal function. The purpose of this study, therefore, was to evaluate the relationship between CMCT and cervical spinal cord compression as measured by MRI in patients with CSM (Table 1) .
MATERIALS AND METHODS Patients
We studied 33 patients (13 women and 20 men) who were undergoing laminoplasty for CSM at Hiroshima University Hospital in Japan. The mean age of patients was 66.1 years (range 44-84 years). In these patients, the level at which the cervical spinal cord was observed to be compressed on MRI was confirmed by intraoperative electrophysiological findings. Lesions were observed at C3/4 in 11 patients, at C4/5 in 12 patients and at C5/6 in 10 patients. All patients demonstrated clinical recovery post surgery.
Central motor conduction time measurements
Preoperatively, surface recording electrodes were placed bilaterally on the abductor digiti minimi and abductor hallucis muscles using the standard bellytendon method for motor-evoked potential (MEP) recordings. Transcranial magnetic stimulation was delivered using a round 14-cm outer diameter coil (Model 200; Magstim, Whitland, UK). A clockwise current in the left hemisphere and a counterclockwise current in the right hemisphere were used as stimulation. The magnetic stimulus intensity was set at 20% above the threshold for MEP. The center of the coil was maintained over the vertex of the cranium, whereas MEPs were recorded from the abductor digiti minimi muscle. The coil was then shifted anteriorly to record MEPs from the abductor hallucis muscle. MEPs were recorded at least four times from each location; all responses were superimposed and their latencies were measured. Compound muscle action potentials and F-waves were recorded following continuous current stimulation at supramaximal intensity (0.2-ms square-wave pulses) of the ulnar and tibial nerves at the wrist and ankle, respectively. Thirty-two serial responses were obtained, and the shortest F-wave latency was measured.
The method used to calculate CMCT from the recordings is outlined in Figure 1 . In brief, all muscle responses were recorded using a commercially available system (Viking IV; Nicolet Biomedical, Madison, WI, USA) with a bandpass filter of 0.5-2000 Hz. The 100-ms epoch immediately following stimulation was digitized at a 5-KHz sampling rate. The peripheral conduction time, excluding the turnaround time at the spinal motor neuron (1 ms), was calculated from the latencies of the compound muscle action potential and F-wave as follows: 7 (latency of compound muscle action potential+latency of F-wave − 1)/2. Conduction time from the motor cortex to the spinal motor neurons (that is, the CMCT) was calculated by subtracting the peripheral conduction time from the onset latency of the MEPs.
Intraoperative electrophysiological recording and analysis
Multimodal spinal cord-evoked potentials (SCEPs) were recorded intraoperatively using the parameters described herein. Ascending SCEPs were recorded after stimulation of the lower thoracic spinal cord with a 0.2-ms long, 10 mA square-wave pulse. Descending SCEPs were recorded after transcranial electric stimulation at 100 mA. Segmental SCEPs were recorded after ulnar or median nerve stimulation at three times the motor threshold. The responses were recorded from platinum needle electrodes (Unique Medical, Tokyo, Japan) inserted into the ligamentum flavum in the surgical field, and averaged and stored using the Nicolet Viking IV system (Nicolet Biomedical, Madison, WI, USA). A needle electrode inserted into the erector spinae muscle served as the reference electrode. SCEP findings of a decrease in amplitude of the negative peak of more than 50% or its disappearance, or monophasic positive potentials, were regarded as signifying electrophysiological abnormalities of the spinal segment. Central motor conduction time in myelopathy T Rikita et al
Spinal cord compression parameters on MRI
All patients underwent preoperative MRI examination (1.5-T Signa; General Electric Systems, Milwaukee, WI, USA) using a circular surface coil. T1-and T2-weighted axial and sagittal images were obtained with a spin-echo sequence. T1-weighted axial and sagittal images were obtained with a repetition time of 400-500 ms, echo time of 13-20 ms, four excitations and 5-mm slice thickness. T2-weighted axial and sagittal images were obtained with a repetition time of 3000-4000 ms, echo time of 120-130 ms, four excitations and 5-mm slice thickness.
As defined visually in Figure 2 , several spinal cord compression parameters were measured on MRI at the lesion level, including the anteroposterior diameter, lateral diameter, area and flattening. Flattening was defined as the anteroposterior diameter divided by the lateral diameter.
C2/3 ratio
All spinal cord compression parameters were also measured at the C2/3 level (Figure 3) . The C2/3 ratio was defined as the values of the parameters at the lesion level divided by their corresponding values at the C2/3 level. This ratio is based on the assumption that original spinal cord shapes may be significantly different across individuals; therefore, using C2/3 as a contrast may reduce individual differences. We considered that the influence of individual differences on original spinal cord shapes could be reduced by the C2/3 ratio.
Japanese orthopaedic association scores
Japanese Orthopaedic Association (JOA) scores were assessed preoperatively and postoperatively, and the recovery rate was calculated. We further analyzed the data for a possible correlation between JOA scores and CMCT as well.
Statistical analyses
Outcome measures included CMCT, spinal cord compression parameters (area, lateral diameter, anteroposterior diameter and flattening at both the lesion level and in the C2/3 ratio described above) and JOA scores.
All statistical analyses were performed with Easy R (Saitama Medical Center, Jichi Medical University, Saitama, Japan), which is a graphical user interface for R (The R Foundation for Statistical Computing, Vienna, Austria). More Central motor conduction time in myelopathy T Rikita et al precisely, EZR is a modified version of the R commander that was designed to add statistical functions frequently used in biostatistics.
Correlation analyses were performed using Pearson's correlation coefficient (r). Correlations were accepted as significant if Po0.01 and |r|40.40.
Statement of ethics
We certify that all applicable institutional and governmental regulations concerning the ethical use of human volunteers were followed during the course of this research. This study was approved by the local Institutional Review Board, and all patients provided informed consent prior to the initiation of the study.
RESULTS

Correlation between upper-limb CMCT and spinal cord compression parameters
Significant correlations were observed between (Figures 4 and 5) upper-limb CMCT and anteroposterior diameter (r = − 0.465, Po0.01) as well as flattening (r = − 0.600, Po0.01). In contrast, no significant correlation was observed between upper-limb CMCT and lateral diameter (r = 0.234, P = 0.19) or area (r = − 0.168, P = 0.35).
Similarly, significant correlations were observed between upperlimb CMCT and the C2/3 ratio of the anteroposterior diameter (r = − 0.610, P = o0.01) as well as the C2/3 ratio of flattening (r = − 0.686, Po0.01). In contrast, no significant correlation was observed between upper-limb CMCT and the C2/3 ratio of the lateral diameter (r = 0.316, P = 0.07) or area (r = − 0.263, P = 0.14).
Correlation between lower-limb CMCT and spinal cord compression parameters Significant correlations were observed between lower-limb CMCT and anteroposterior diameter (r = − 0.636, Po0.01; Figures 6 and 7) as well as flattening (r = − 0.735, Po0.01). In contrast, no significant correlation was observed between lower-limb CMCT and lateral diameter (r = 0.151, P = 0.40) or area (r = − 0.343, P = 0.05).
Similarly, significant correlations were observed between lower-limb CMCT and the C2/3 ratio of the anteroposterior diameter (r = − 0.771, Po0.01) as well as the C2/3 ratio of flattening (r = − 0.855, Po0.01). In contrast, no significant correlation was observed between lowerlimb CMCT and the C2/3 ratio of the lateral diameter (r = 0.381, P = 0.03) or area (r = − 0.283, P = 0.11).
Correlation between JOA score and CMCT Significant correlation was observed between (Figure 8 ) preoperative JOA score and upper-limb CMCT (r = − 0.678, Po0.01) as well as lower-limb CMCT (r = − 0.545, Po0.01). In contrast, no significant correlation was observed between recovery rate of the JOA score and upper-limb CMCT (r = -0.119, P = 0.51) or lower-limb CMCT (r = − 0.085, P = 0.64).
Correlation between JOA score and spinal cord compression parameters Significant correlation was observed between (Figure 9 ) preoperative JOA score and anteroposterior diameter (r = − 0.523, Po0.01) as well Figure 3 Parameters of spinal cord compression using the C2/3 ratio. The ratio was defined as the value of parameters at the lesional level divided by the value at the C2/3 level. This ratio is designed to reduce interindividual differences in the natural spinal cord shape. a1: C2/3 level of case 1; b1: lesional level of case 1. a2: C2/3 level of case 2; b2: lesional level of case 2. a3: C2/3 level of case 3; b3: lesional level of case 3.
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T Rikita et al Central motor conduction time in myelopathy T Rikita et al Central motor conduction time in myelopathy T Rikita et al Central motor conduction time in myelopathy T Rikita et al as the C2/3 ratio of flattening (r = -0.540, Po0.01). In contrast, no significant correlation was observed between the recovery rate of the JOA score and anteroposterior diameter (r = -0.195, P = 0.28) or the C2/3 ratio of flattening (r = -0.116, P = 0.53).
DISCUSSION
This study revealed a strong correlation between CMCT and flattening of the spinal cord. Moreover, measurement of spinal cord compression may be useful for the evaluation of corticospinal function in patients with CSM. To our knowledge, this study is the first to demonstrate a relationship between CMCT and cervical spinal cord compression as measured by MRI in patients with CSM.
Since the introduction of transcranial magnetic stimulation of the human motor cortex, the use of MEPs in the evaluation of many types of myelopathy has been well described in the literature. 4, 5, 8, 9 CMCT, which measures conduction time from the motor cortex to the anterior horn cell, reflects the integrity of corticospinal pathways. 7 In particular, CMCT has been found to be more prolonged in patients with more severe cervical spinal cord compression as determined by MRI analysis. 10 Delayed CMCT suggests that CMCT prolongation is primarily caused by corticospinal conduction block rather than conduction delay. [11] [12] [13] Conventional diagnostic methods for myelopathy include neurologic examination as well as imaging modalities such as MRI and myelograms. However, conclusive diagnosis is sometimes difficult because of the presence of atypical symptoms. In addition, MR images demonstrate morphological abnormalities but not functional impairment of the spinal cord, and not all cord compression shown by MRI is associated with cord dysfunction. 14 Transcranial magnetic stimulation may be a more effective diagnostic tool for myelopathy. MEP studies using transcranial magnetic stimulation provide a quantitative evaluation of myelopathy. Previous studies have indicated that MEPs may be a valuable tool in the assessment of the functional relevance of subclinical spondylotic cervical cord compression. 15 Furthermore, this test method has advantages in the evaluation of patients for whom neurological detection is difficult, including patients who have developed severe joint deterioration due to rheumatoid arthritis, patients who have difficulty communicating and patients with peripheral nervous disorders. Moreover, MEP facilitates localization of the site responsible for the main functional change in patients with multilevel (for example, cervical and thoracic) compression of the spinal cord. Despite these advantages, there is very little collected information, especially that gathered with more modern techniques, on the relationship between CMCT and the degree of spinal cord compression in patients with myelopathy.
Given that clinical diagnosis relies on images, especially from MRI, there exists the possibility of overdiagnosis of cervical myelopathy when using current diagnostic tools. In contrast, functional evaluation of the spinal cord using CMCT provides a quantitative measure of corticospinal function. However, CMCT requires complicated measurements, which may not be practical in routine clinical practice. In the current study, a correlation between CMCT and spinal cord compression on MRI was observed. This finding suggests that in the absence of an electrophysiological evaluation of spinal cord function, such as by CMCT, physicians can assess spinal cord function via the degree of compression observed on MRI. Thus, significant compression observed on MRI in a patient with subclinical myelopathy symptoms may be a useful indicator for preventive surgery of the cervical spine. It is expected that severe compression observed on MRI would be associated with irreversible spinal cord involvement, even if only mild symptoms are present. Therefore, the findings in this study may lead to significant clinical benefit, which improves the quality of evaluation of patients with myelopathy symptoms.
It is thought that there are interindividual differences in spinal cord anatomy. We felt that the correlation between CMCT and spinal cord compression measured by the ratio of the spinal cord parameters at the lesion level with the C2/3 level would better account for these differences in most cases of CSM.
There are several limitations to the present study. The sample size was small, because only patients with typical single-level myelopathy were selected for the study. In addition, only patients undergoing posterior laminoplasty were selected for the study. There is significant variability in myelopathy pathology across patients. Therefore, clinical results following decompression surgery may differ depending on the surgical procedure.
In conclusion, in this study, a strong correlation between CMCT and spinal cord compression was observed. Therefore, measurement of spinal cord compression may be useful for evaluation of corticospinal function in patients with CSM.
